In Brief
Botswana holds one-third of Africa's elephants but has experienced little poaching for ivory. Schlossberg et al. document a new elephant poaching outbreak in Botswana, with large increases in numbers of fresh elephant carcasses and 156 elephants confirmed as poached. Fresh carcasses are clustered in five hotspots where elephants have declined.
RESULTS

Regional Elephant Populations Are Stable while Carcasses Have Increased
To monitor elephant populations, we used fixed-wing aircraft to conduct aerial surveys in northern Botswana during the 2014 and 2018 dry seasons. For the 94,000 km 2 study area ( Figure S1 ), estimated elephant populations were nearly unchanged between 2014 and 2018 at approximately 122,700 elephants (two-sample Z test, Z = 0.03, p = 0.98; Figure 1 ). Numbers of elephants in breeding herds, which include females and young as well as occasional males, increased non-significantly (Z = 0.36, p = 0.72). Numbers of elephants in bull herds, which contain only males, decreased non-significantly (Z = À1.42, p = 0.16). Elephant carcasses remain visible for years after an elephant's death, and numbers of elephant carcasses can be an indicator of population status [4] . On surveys, we distinguished elephant carcasses by state of decomposition and likely age (Table S1 ) [5] . ''Fresh'' and ''recent'' carcasses still had flesh and likely died within 1 year prior to the survey. ''Old'' carcasses were mainly bones and were likely dead for >1 year. ''Very old'' carcasses had been dead for up to 10 years. Estimated numbers of all elephant carcasses increased by 21% between 2014 and 2018 (two-sample Z test, Z = 3.88, p < 0.001; Figure 1 ). Estimated numbers of fresh and recent carcasses increased by 593% (Z = 7.94, p < 0.001). Carcass ratios, defined as the number of carcasses divided by the sum of carcasses plus live elephants, increased significantly between 2014 and 2018 for all carcasses and for fresh and recent carcasses alone ( Figure 1 ).
Carcasses Were Clustered in Hotspots, Where Elephants Are Declining
Past studies have shown that elephant poaching occurs in clusters where poachers are operating and results in carcasses that are grouped in space [6] [7] [8] . Fresh and recent carcasses were clearly clustered on the 2018 aerial survey (Figure 2 ). Single-linkage cluster analysis identified five ''hotspots,'' ranging in size from 829 to 6,231 km 2 (mean area = 3,522 km 2 ), where fresh and recent carcasses were clustered ( Figure 2 ). Density of fresh and recent carcasses in hotspots was 0.04 carcasses km À2 versus 0.001 carcasses km À2 in surrounding areas, defined as a 40-km buffer around each hotspot. To learn how elephant populations are faring in the hotspots, we compared numbers of elephants in hotspots with numbers in 40-km buffers surrounding the hotspots. For all five hotspots combined, overall elephant populations decreased from 26,710 ± 2,227 to 22,391 ± 1,813 in hotspots (À16%) while increasing from 58,350 ± 3,585 to 64,330 ± 3,192 in surrounding areas (+10%; Figure 3 ). The difference in trends between hotspots and surroundings was significant (two-sample Z test, Z = 2.00, p = 0.04). Differences in trends were not significant for bull herds (Z = 0.86, p = 0.39) or for breeding herds (Z = 1.88, p = 0.06; Figure 3 ). For elephants, most individual hotspots showed patterns similar to the first row of Figure 3 ( Figure S2 ).
We also compared hotspots and surrounding areas for change in numbers of carcasses. Old carcasses increased by 78% ± 28% in hotspots between 2014 and 2018 but decreased by 3% ± 11% in surrounding areas, a significant difference (twosample Z test, Z = 2.71, p = 0.007; Figure 3 ). Differences between hotspots and surroundings for old carcasses were significant only for the Ngamiland (NG) 15 hotspot ( Figure S2 ). For very old carcasses, overall numbers increased by 46% ± 22% in hotspots and 47% ± 12% in surrounding areas (Z = 0.04, p = 0.97). By hotspot, the only significant result for very old carcasses was that numbers increased in areas surrounding the Chinamba hotspot but decreased within the hotspot (Z = 2.41, p = 0.02). As expected, because the hotspots were defined using 2018 locations of fresh and recent carcasses, numbers of fresh and recent carcasses increased substantially in hotspots but were nearly unchanged in surrounding areas (Z = 2.05, p = 0.04; Figure 3 ).
Carcass Assessments Verify 156 Poached Elephants
During the 2018 aerial survey, observers noted dozens of potentially poached elephant carcasses. To verify the cause of death for some carcasses, we used a helicopter to visit carcasses on the ground or photograph them from low altitude. We searched for signs of poaching for ivory such as skulls chopped with an axe to remove tusks or carcasses covered with brush to hide them. We first visited 72 fresh and recent carcasses, likely dead for <1 year at the time of the survey and suspected to be poached. We confirmed that all 72 carcasses were poached (Figures 4A and S3 ; photographs of all carcasses are in Data S3). Photographs of an additional 22 carcasses taken during the 2018 aerial survey provided sufficient evidence to determine that they had been poached. Thus, we confirmed poaching for 94 fresh or recent elephant carcasses.
We also visited old carcasses, likely dead for >1 year, to assess whether poaching may have been going on for over 1 year before the 2018 survey. We sampled old carcasses near the Linyanti River and in the NG 15 hotspot ( Figure S3 ). Of the 76 carcasses visited, we determined that 62 (82%) were poached ( Figure 4B ); for three carcasses (5%), we could not determine the cause of death. In the Linyanti River area, outside any hotspot, 1 of 9 (11%) carcasses was poached; in the NG 15 hotspot, 61 of 67 carcasses were poached (91%; Figure S3 ). We visited 59 old carcasses on the ground and observed 17 from low altitude. The proportion of carcasses considered poached did not differ between ground visits (80%) and aerial visits (88%; Fisher's exact test, p = 0.72). Mean estimated age at death for poached old carcasses (x = 41.4 ± 1.1 years) was significantly greater than for elephants that died of natural or unknown causes (x = 29.5 ± 3.7 years; two-sample t test, t 12 = À3.12, p = 0.009; Figure 4C ). All 47 poached carcasses that could be sexed were males. Remaining carcasses included an equal number of males and females/unknown-sex carcasses ( Figure 4D ).
Poached Elephant Estimates
Using only fresh and recent carcasses that were seen on the 2018 aerial survey and that we confirmed as poached in the hotspots, we estimated a total of 385 ± 54 elephants were poached in the hotspots in roughly 1 year prior to the 2018 survey.
Testing Alternative Hypotheses
To test causes other than poaching for recent changes in elephant populations and carcass numbers, we compared four environmental variables between carcass hotspots and surrounding areas. The enhanced vegetation index (EVI), a measure of vegetation greenness and food availability for elephants, averaged 1.7% greater in hotspots (x = 0.284 ± 0.006) than in surrounding areas (x = 0.279 ± 0.007), a significant difference via meta-analysis on monthly values (effect size = 0.10 ± 0.02, Z = 5.61, p < 0.001). The Palmer Drought Severity Index (PDSI) did not differ significantly between hotspots (x = À1.87 ± 0.10) and surrounding areas (x = À1.90 ± 0.10; effect size = 0.01 ± 0.04). Elephant density in 2014 also did not differ between hotspots (x = 1.56 ± 0.13 elephants km À2 ) and surrounding areas (x = 1.34 ± 0.08 elephants km
À2
; Z = À1.42, p = 0.16). Estimated human densities were 0.49 persons km À2 in hotspots versus 0.63 persons km À2 in surrounding areas (no test possible).
DISCUSSION
Multiple lines of evidence support the conclusion that elephant poaching has increased recently in northern Botswana. Estimated Error bars indicate 95% confidence intervals. See Table S1 for definitions of elephant carcass categories. See also Data S1.
numbers of fresh and recent carcasses increased by 593% between 2014 and 2018, and we verified 94 fresh/recent carcasses as poached. Thus, we have strong evidence of poaching in roughly the year prior to our 2018 survey. We also verified 62 old carcasses as poached, mainly in the NG 15 hotspot, and we observed increases in numbers of old carcasses between 2014 and 2018 in the hotspots. This suggests that poaching for ivory was going on for over a year prior to our 2018 survey, at least in one hotspot. One caveat of these findings is that age estimates for different categories of carcass are somewhat uncertain [9] . Thus, the estimates that fresh and recent carcasses are under 1 year old and that old carcasses are over 1 year old should not be considered exact. On our 2014 aerial survey in northern Botswana, we did not record any elephant carcasses suspected of being poached [10] . Of course, the fact that we did not observe suspected poached carcasses in 2014 does not indicate that no poaching was occurring. Data shown here, however, suggest that any poaching that was occurring in 2014 was likely much lower in frequency than in 2018.
For elephants, overall population estimates were nearly unchanged between 2014 and 2018, with a non-significant increase of just 0.2%. The 8% carcass ratio observed in 2018 is consistent with a stable population, as 8% represents the expected boundary between growing and declining populations [4] . At the same time, numbers of carcasses and carcass ratios have increased substantially since 2014, suggesting that mortality rates have increased, even if elephant populations are not changing.
Increases in numbers of carcasses are worrisome because they can portend future increases in poaching and declines in elephant populations. In Zimbabwe's Sebungwe ecosystem, numbers of carcasses increased in the early 2000s while elephant populations generally remained stable [11] . This stable period, however, was followed by a population collapse, with 2014 numbers down by 76% from the early 2000s [2] . Likewise, in Mozambique's Niassa National Reserve, increases in carcass ratios beginning in 2009 preceded a 78% decrease in elephant populations in just 5 years [12] . In Kenya's Tsavo ecosystem, an increase in carcass ratios to $10% preceded a population crash in the 1970s [9] . In our hotspots, carcass ratios increased from 5% to 16% between 2014 and 2018 ( Figure 1 ). This change may be a warning sign that Botswana's elephant population could be at greater risk in the near future.
In Botswana, fresh and recent carcasses were clustered in five hotspots, primarily in northern parts of the study area. Past studies have shown that poaching tends to be clustered in space [6] [7] [8] . The hotspots should be thought of as coarse estimates of where poaching may be occurring. Exact boundaries of the hotspots are somewhat arbitrary because they depend on the stopping rule used in the clustering algorithm. Also, because we have only been able to assess 53% of fresh and recent carcasses observed on the 2018 survey for poaching, we based our hotspots on all fresh and recent carcasses seen on the survey. Nonetheless, we suspect that 104 of 128 fresh and recent carcasses observed on the survey were poached (unpublished data), and all suspected carcasses that have been verified by helicopter to date have been found to be poached. Thus, we believe that our hotspots are good approximations of where poaching is taking place.
Despite uncertainty about hotspot boundaries, we found significant differences in the status of elephant populations inside and outside of hotspots. From 2014 to 2018, elephant populations decreased by 16% in hotspots but increased by 10% in surrounding areas. Estimated numbers of old carcasses increased 78% in hotspots while changing little in surrounding areas. Very old carcasses, however, showed nearly identical trends in hotspots and surrounding areas. Increases in numbers of old carcasses may be additional evidence that poaching in northern Botswana hotspots has been going on for more than 1 year but likely less than 4 years, as earlier poaching would have been noted in the 2014 survey or via changes in numbers of very old carcasses. Hotspots should be focal points for anti-poaching efforts and enhanced monitoring of elephant populations.
The one exception to the trends in hotspots was the Chinamba hotspot, where elephant populations actually increased more in the hotspot than in the surrounding area. The Chinamba area may be a false positive, where a few carcass observations in a relatively small area were joined into a cluster, and not an actual poaching hotspot. Verification of carcass origins in this area would help to determine the status of this hotspot.
To be clear, we are not claiming that poaching is entirely responsible for increases in carcass numbers or for the lack of population growth for elephants in recent years. Doing that would require far more verifications of carcass origins than we conducted. Movements of elephants likely affected observed numbers. Elephants can roam freely over most of northern Botswana, and satellite tracking has shown that elephants often move long distances within or between seasons [13, 14] . Ele- Table S2 for population estimates for elephants and carcasses. See also Data S1.
phants have been known to flee areas where poaching is occurring [15, 16] .
Processes such as drought, food shortages, overcrowding, and human-elephant conflict can also influence elephant population sizes and mortality rates [17] [18] [19] [20] . Our comparison of hotspots and adjacent surrounding areas should provide spatial controls for many processes that may affect elephants. To test alternative explanations for recent changes, we compared hotspots and surrounding areas for drought severity (PDSI), food availability (EVI), overcrowding (2014 elephant density), and human population density, a proxy for human-elephant conflict. Botswana experienced a significant drought in 2015 and 2016 [21] . PDSI, however, did not differ significantly between hotspots and surrounding areas. Drought could, however, explain the increased numbers of very old carcasses observed in hotspots and surrounding areas in 2018 relative to 2014 [20] .
EVI was 1.7% greater in hotspots than surroundings, a significant difference. This difference does not appear to be biologically meaningful because the effect size for the meta-analysis was 0.10; effect sizes < 0.20 are considered ''small'' [22] . The difference in EVI between hotspots and surroundings was also contrary to what one might expect if EVI measures food availability, as elephants decreased the most in areas where EVI was greatest. As a further test of EVI effects, we used Bayesian errors-invariables models to test effects of EVI on changes in elephant and carcass numbers. We found no support for effects of EVI on carcasses or elephants (unpublished data).
Elephant density in 2014 did not differ significantly between hotspots and surroundings, so density-dependent mechanisms did not likely affect our results. Human populations tended to be larger and denser in surrounding areas than in hotspots. This result is the opposite of what one might expect if humanelephant conflict were driving changes in elephant and carcass numbers. As above, we used Bayesian models to test effects of human density on changes in elephants and carcasses and found no support for this variable (unpublished data). Thus, we conclude that environmental conditions and human populations are unlikely to explain the different trajectories of elephants and carcasses in hotspots and surrounding areas.
In total, we verified 134 carcasses as poached during visits with a helicopter and 22 more carcasses using photographs taken during our aerial survey. Evidence of poaching was obvious. All poached elephants had skulls that were essentially chopped in half to facilitate removal of tusks (see Data S3). This damage to the skull remains visible long after flesh has decomposed, which allowed us to assess poaching in old carcasses. Carcasses originating from natural causes are not marred in this way, and skulls are left intact. Seventy-three percent of poached carcasses were also covered with cut branches, presumably to conceal the carcass. A few of the newer carcasses had wounds on their spines where poachers may have attempted to paralyze a wounded animal before removing tusks.
With conservative restrictions of only using carcasses verified as poached and limiting analyses to hotspots, we estimated that 385 elephants were poached in roughly 1 year prior to our 2018 survey. This is surely an underestimate because we have only been able to assess 53% of the fresh/recent carcasses seen on the survey, and few carcasses have been assessed in some of the hotspots ( Figure S3 ). In addition, observers likely miss carcasses on aerial surveys, which would also bias our estimate of poached elephants low.
The fact that 61 old carcasses were verified as poached in the NG 15 hotspot suggests that the poaching in this area was occurring for more than roughly 1 year before our survey. The old carcasses that we assessed were not noted as poached on our survey. Rather, we searched for older carcasses in areas where we had observed poached fresh and recent carcasses as well as high densities of old carcasses during the aerial survey.
Comparing the age and sex of poached carcasses with car- Table S2 for raw data from carcass assessments. See Data S3 for photographs of all assessed carcasses. See also Data S2.
casses of natural origin showed that poachers were concentrating on older bulls ( Figures 4C and 4D) . Research has shown that poachers preferentially target older bulls for their large tusks, especially in previously unexploited populations [23, 24] . The NG 15 hotspot was the only hotspot where numbers of old carcasses increased significantly more in the hotspot than in surrounding areas, but the other four hotspots showed similar but non-significant trends ( Figure S2 ).
In conclusion, a new and growing poaching problem, with hundreds of elephants killed per year for their tusks, is ongoing in northern Botswana. To date, poaching seems to be primarily taking place in four hotspots and is mainly impacting mature bulls. Poaching in Botswana does not appear to have reached the levels seen in central or eastern Africa in recent years, where elephant populations decreased by 50% or more in some countries in under a decade [2] . In the past, Botswana has avoided serious poaching by combatting poachers with armed units [25] . Examples elsewhere in Africa show that such anti-poaching efforts can greatly reduce poaching [26, 27] . The hotspots that we have identified would be good locations to target for such efforts. Addressing this problem now, while poaching levels are relatively low, may aid in the conservation of elephants in Botswana.
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METHOD DETAILS
Study area
The study area for the 2018 aerial survey covered 103,662 km 2 in northern Botswana ( Figure S1 ). This area included > 90% of the elephant's geographic range in Botswana and $98% of the elephant population estimated to occur in the country [1, 2] . Vegetation types used by elephants in this area are diverse and include grasslands, marsh, scrub, savanna, and woodland. The study area includes the wildlife-rich Okavango Delta, which floods annually over an area of $12,000 km 2 , as well as several large protected areas: Chobe National Park (NP; 10,587 km 2 ), Makgadikgadi NP (5,042 km 2 ), Nxai Pan NP (2,483 km 2 ), and Moremi Game Reserve (7,521 km 2 ). The remainder of the study area is primarily concessions managed for wildlife viewing, with smaller areas of forest reserves, community grazing and conservation lands, and cattle ranches. The area has a subtropical climate, with rainfall averaging 660 mm/year, and primarily occurring during a November-April wet season [31] . The dry season is divided unto cool (May-August) and hot (September-November) periods. Water availability in the study area varies seasonally. During the wet season, water can be found in seasonal pans, streams, and rivers. Over the course of the dry season, these water sources gradually dry up, and water becomes restricted to a smaller number of perennial lakes and rivers as well as artificial waterholes created for wildlife.
Aerial surveys
The 2018 aerial survey took place from 3 July -3 October, 2018, in the latter part of Botswana's dry season. For purposes of surveying and estimation, we divided the study area into 69 strata averaging 1,502 km 2 in size (range: 408-5,593 km 2 ). Strata boundaries generally followed those used on the 2014 survey of northern Botswana, which were based on the borders of concessions, wildlife management areas, and parks, with modifications to account for expected densities of elephants and other wildlife [10] . For 2018, we split or joined several 2014 strata to reduce intra-stratum variation in expected elephant densities. All else being equal, increasing variance within a stratum in elephant densities will lead to greater error in population estimates. Surveys in 2018 were conducted using a Cessna 206 single-engine aircraft with a crew of four: a pilot, a recorder who sat in the other front seat, and two rear-seat observers, who made observations on their respective sides of the plane. Most flights were conducted within the first 5 hr after sunrise; 2.8% of on-transect survey time took place in late afternoon, usually between 1600 and 1730. We did not conduct surveys during the middle of the day because most large mammals are inactive at this time and seek shade under trees or bushes. Such behavior can reduce detectability on aerial surveys. On all flights, the pilot was instructed to fly at 180 km hr -1 and 91.4 m above ground level (AGL), as per aerial survey standards [32] . During surveys, we recorded altitude at 1-s intervals with a laser altimeter connected to a tablet computer.
We used three distinct methodologies to conduct surveys. First, for 62 strata, we used sample counts, in which we surveyed a subset of the stratum via systematic, parallel transects spaced 2-10 km apart. Survey intensity, the proportion of the stratum sampled, was controlled by transect spacing and was proportional to expected elephant density. Intensities on the 2018 survey ranged between 4 and 20% (x = 12.5%). We made observations in well-defined survey strips on either side of the plane. Strips were delineated by parallel wands attached to each wing strut. We estimated strip width for each observer via repeated overflights of a runway marked at 10-m intervals. Observers counted the number of intervals between strips while the plane flew at altitudes varying from 73 to 103 m. These counts were then used to determine the estimated strip width at the standard altitude of 91.4 m (see below). REAGENT A second survey method, total counts, was used on two strata. Here, we flew parallel transects $1-km apart and attempted to count all wildlife visible in the stratum. This resulted in effective counting strips $500-m wide on either side of the aircraft. On total counts, the front-seat recorder attempted to count animals directly under the plane through the front windows.
Finally, on five strata we used recce surveys, which are similar to total counts in that all wildlife within view were counted. Unlike total counts, recce counts do not follow systematic transects. Rather, recces are simply surveys in areas where wildlife are expected to occur. We used recces in dry, pastoral areas where wildlife were likely to be clustered in uncommon patches of suitable habitat, making systematic surveys inefficient. Thus, we limited our recce surveys to areas such as floodplains or water holes.
During surveys, observers recorded numbers of live and dead elephants as well as other large herbivores and birds. Elephant herds were distinguished by sex composition: herds with adult females and young (and sometimes bulls) were ''breeding herds,'' and herds consisting solely of adult bulls were ''bull herds.'' For elephant herds too large to count easily, observers took photographs using high-resolution digital cameras mounted in the plane windows. We recorded elephant carcasses by age category per the Monitoring the Illegal Killing of Elephants (MIKE) program [5] (Table S1 ).
To understand change in elephant populations, we compared 2018 survey results against those from EWB's 2014 aerial survey of northern Botswana [10] . In 2014, survey dates ran from 29 July to 22 October. The 2014 study area (97,682 km 2 ) was smaller than the 2018 study area, though the two survey areas had a 94,000 km 2 overlap ( Figure S1 ). Strata boundaries in 2014 also differed somewhat from 2018 stratum boundaries, and the total number of strata in 2014 was 50. Of these, one stratum utilized a total count, one was a recce count, and the remaining 48 used sample counts with mean intensity of 11.7%. In the western part of the study area, strata used in 2014 and 2018 were nearly identical. In eastern portions of the study area, however, strata were generally larger in 2014 than 2018. Otherwise, survey methods were as above for the 2018 survey. We did not include data from our 2010 survey of northern Botswana in this study because the area surveyed in 2010 was $25% smaller than the 2014 or 2018 areas and likely excluded large numbers of elephants [33] .
Carcass assessment
Many fresh and recent carcasses observed during the 2018 survey had signs of poaching such as damage to skulls or being covered with brush. Viewing conditions during an aerial survey, however, are not optimal for determining whether or not an elephant was poached. To get better information about the cause of death for elephant carcasses, we conducted two carcass assessments in 2018 in which we used helicopters to check carcasses from the ground or, where landing was impossible, from a low-altitude hover. We conducted two separate carcass assessments. The first one was restricted to fresh and recent carcasses that were suspected of being poached. We opportunistically assessed 46 such carcasses observed on the 2018 survey as well as 26 additional carcasses that were either observed off-transect during the survey or were reported to EWB or government officials by local residents or other researchers. Carcasses were selected for visits non-randomly based on the availability of helicopters for rental and the proximity of the carcass(es) during surveys. We traveled to each selected carcass via helicopter and either landed to assess the carcass on foot (n = 33 carcasses) or, where vegetation was too thick for landing, hovered low over the carcass with the helicopter to take photographs (n = 39 carcasses). We considered a carcass poached if it had obvious damage to the skull from poachers' removing the tusks with an axe, had the trunk removed, had its spine damaged to paralyze a wounded animal, or was covered with brush in an attempt to hide the carcass.
The second carcass assessment focused on old carcasses (category 3, likely killed > 1 year previously), in two areas where we had observed high densities of old carcasses on the 2018 aerial survey: the NG 15 hotspot and the Linyanti River area near the northwest corner of Chobe NP. We examined old carcasses to determine if poaching in Botswana had potentially been going on for more than one year. To locate carcasses, we simply scanned the ground while traveling by helicopter. We did not have a fixed sample size; rather, we sampled all carcasses that we could locate over three days of assessments. Where possible, we assessed carcasses on the ground (n = 59 carcasses). Otherwise, we photographed carcasses from low altitude (n = 17). As above, we checked each carcass for indicators of poaching. Carcasses visited on the ground were sexed and aged using lower jaw molar eruption [34] ; some carcasses were missing jaws or teeth and could not be aged. For some carcasses from younger elephants, sex could not be determined.
QUANTIFICATION AND STATISTICAL ANALYSIS
The goal of our analyses was to determine if poaching has increased recently in Botswana and how poaching may be affecting elephant populations. To those ends, we measured change in elephant populations, carcass numbers, and carcass ratios between 2014 and 2018, and we identified potential poaching hotspots. All analyses were conducted using Program R [35] . Statistical tests were considered significant at p < 0.05. Except where otherwise noted, estimates are presented as mean ± SEM.
Change in elephant populations and carcasses
To compare results from the 2014 and 2018 surveys, we used the sf package [36] to clip all strata, transects, and observations from each year to the area of overlap between the two surveys. The overlapping area included 96% of the 2014 survey area and 91% of the 2018 survey area.
For each survey, we estimated stratum-wise population sizes for bull herds, breeding herds, and all elephants combined as well as for carcasses by age and for all ages combined. For total and recce counts, the population estimate was the sum of the number of animals or carcasses observed in the given stratum. These count types do not have an associated variance. For sample counts, we used a ratio estimator to estimate population sizes [37] . Accordingly, the density estimate for a stratum was the total number of carcasses or animals observed in a stratum divided by the total transect area sampled in that stratum. Because realized strip width increases linearly with flying altitude, we calculated area sampled as: area = ½transect length Ã ½strip width at 91:4m AGL Ã ½mean alt: on transect ½91:4m
We calculated variances of population estimates using the standard formula for the variance of a ratio estimate [38] . We did not attempt to account for missed herds in our analyses, though some undercounting likely occurs on aerial surveys [39] .
To compute survey-wide population estimates for 2014 and 2018, we summed the stratum estimates for each species or carcass category by year. The variance of a population estimate was the sum of the variances of individual strata, with total-count or recce strata having variance = 0. We used two-sample Z-tests to compare population estimates between years.
Carcass ratios
The carcass ratio for a population is defined as the proportion of all live and dead elephants that are dead, or carcasses carcasses + elephants Carcass ratios are indices of elephant mortality and population growth rates, and ratios > 8% typically indicate a declining population [4] . Carcass ratios can also be calculated for specific age classes of carcasses. We calculated two types of ratios: all-carcass ratios, which include carcasses of any age, and fresh/recent-carcass ratios, which included only fresh and recent carcasses likely killed in the year prior to the survey.
To calculate carcass ratios for the entire study area, we summed stratum population estimates for carcasses and for elephants. Because, however, these values were estimates, they have an associated variance. We calculated the variance (V) in a carcass ratio based on population estimates as where m y and m x are the estimated numbers of carcasses and carcasses plus live elephants respectively, and s 2 are variances of those estimates [40] . We assumed no covariance between numbers of carcasses and elephants. For the 2018 survey, the overall transect-wise correlation between numbers of carcasses and the sum of elephants and carcasses was just 0.19, but by stratum, the correlation ranged between À0.87 and 1.0. If the covariance is positive, then assuming no covariance would result in Equation 2 overestimating variances, making our confidence intervals and tests of change in carcass ratios conservative. We compared carcass ratios between years with two-group Z-tests.
Defining carcass hotspots
To better understand where poaching may be occurring in northern Botswana, we attempted to define clusters or ''hotspots'' where fresh and recent carcasses were unusually dense. We focused on fresh and recent carcasses because most of those observed were likely poached, per the carcass assessments (see Results). Also, because fresh and recent carcasses were likely killed within a year prior to the aerial survey, their locations could indicate where poaching is currently occurring. We were only able to assess fresh and recent carcasses in a portion of our study area. Consequently, we did not restrict carcasses used to define hotspots to those confirmed as poached. Most fresh and recent carcasses observed on the survey, however, were suspected to be poached.
We used single-linkage cluster analysis to identify clusters of fresh/recent carcasses [41] . This algorithm joins spatial observations into clusters based on nearest-neighbor distances. It begins by joining the closest pair of observations into a single cluster and continues until all observations are joined. Before running the analysis, we had to account for the fact that sampling intensity was uneven across strata. Consequently, observed numbers of carcasses are not well correlated with local carcass densities, and use of observed locations to define clusters could produce spurious results. Instead, we generated ''pseudo-observations'' of carcasses, with numbers directly proportional to estimated densities, to ensure that clusters accurately represented densities. We divided each transect into 2.5-km segments and computed the density of fresh/recent carcasses on each segment as the number observed divided by segment area per Equation 1. We then divided each stratum into roughly rectangular substrata corresponding to the nearest 2.5-km transect segment. Finally, we created randomly located pseudo-observations within each substratum, with the number of points proportional to carcass density. Segments with no carcasses had no pseudo-observations. We used the pseudo-observations to identify clusters of carcasses. Per Kenward et al. [41] , we excluded outlying points at the 5% significance level. The single-linkage method is hierarchical and gives varying numbers of clusters depending on the selected level of the cluster tree. We selected the level with the smallest number of clusters for which the clusters centered on the NG 11 and NG 15 strata were distinct (see Figure 2 ). Higher levels united these two clusters, resulting in a hotspot that included large areas with no carcasses. We buffered each cluster by 5 km to account for the likelihood that carcasses went undetected in cluster peripheries where densities might have been lower than in cluster centers.
Population changes in hotspots
We next determined the status of elephant populations in and around the hotspots. We calculated 2014 and 2018 population estimates for elephants and elephant carcasses in hotspots as above, after clipping strata, transects, and observations to hotspot areas. As a spatial control, we also calculated population estimates for areas surrounding hotspots (hereafter ''surroundings''), which we arbitrarily defined as a 40-km buffer around each hotspot. Because some of the surrounding areas overlapped other hotspots, we excluded areas that were part of another hotspot from the surroundings. To determine overall trends for hotspots and surroundings, we summed population estimates for all hotspots combined and for all surroundings combined.
To compare how elephant numbers have changed in hotspots versus their surroundings, we calculated population change in hotspots and surroundings relative to 2014 by standardizing 2018 populations so that 2014 populations in a given area equaled 1.0. We did this by dividing the 2018 value by the 2014 value for a given location and type of elephant herd. We used Equation 2 to calculate the variance of this ratio. We used two-group Z-tests to test for a difference in standardized population estimates between hotspots and surroundings in 2018. This essentially tests for a difference in proportional change since 2014. We used identical methods to compare recent changes in numbers of carcasses in hotspots and surrounding areas.
Carcass assessments
For each carcass assessment, we calculated the proportion of assessed carcasses that were considered poached. For the fresh/ recent assessment, because all carcasses assessed were poached, no tests on carcass characteristics were possible. For the old carcasses, we tabulated the age and sex of poached and natural carcasses. We used Fisher's exact test to determine if the proportion of poached elephants differed between old carcasses visited on the ground and those assessed from the air. We used twosample t tests to compare differences in estimated ages between poached carcasses and carcasses originating from natural causes. Where carcass age was estimated as a range of possibilities, we simply used the mean of the range for that carcass. To make comparisons with poached carcasses conservative, we grouped carcasses of uncertain poaching status with the natural carcasses.
Estimating numbers of poached elephants
We combined the results of the carcass assessments with the 2018 aerial survey results to estimate the total number of poached elephants in the hotspots. We note that these estimates are almost certainly biased low because we were only able to assess 53% of fresh and recent carcasses. Nonetheless, this analysis may be useful in estimating the approximate scale of the poaching.
For fresh and recent carcasses, we restricted the dataset to only those confirmed poached on the carcass assessment or carcasses for which a photograph taken during the aerial survey showed evidence of poaching (coverage with brush or skull chopped). We also restricted analysis to the hotspots because most poached carcasses that we observed occurred in these areas. After restricting carcass observations, strata boundaries, and transects to the hotspot areas, we estimated numbers of poached elephants using the methods described above.
Alternate hypotheses for change in elephant numbers Drought, limited food availability, density-dependent mechanisms, and human-elephant conflict can all cause elephant mortality or affect population sizes [17] [18] [19] [20] . These processes could be alternative explanations for observed changes in carcass or elephant numbers. Thus, we compared proxies for these processes between hotspots and surrounding areas. The four independent variables used were 1) the monthly enhanced vegetation index (EVI), a remotely sensed index of vegetation greenness and photosynthetic activity which is thought to indicate food availability for elephants [28] ; 2) the monthly self-calibrated Palmer Drought Severity Index (PDSI), a measure of dryness calibrated to be comparable across regions [29] ; 3) elephant density in 2014 as estimated on our 2014 aerial survey of northern Botswana; and 4) human population density based on census data and high-resolution satellite mapping of building locations [30] .
We compared these four measures between hotspots and surrounding areas. For elephant density, we simply divided 2014 population estimates in hotspots and surrounding areas by geographic area to calculate density. We compared 2014 densities between hotspots and surrounding areas with two-group Z-tests. For PDSI and EVI, because these measures were available monthly, we used a meta-analytic approach in which we computed Cohen's d, a measure of the difference between hotspots and surrounding areas, for each month between August 2014 and July 2018 [42] . We then used meta-analysis to compute an overall effect size for the difference between hotspots and surroundings, treating each month's difference as a replicate. Based on Q-tests, we used a fixedeffects model for PDSI and a random-effects model for EVI [42] . For human density, because the population estimates were simply sums of the area-wide populations, no formal test between hotspots and surrounding areas was possible.
DATA AND SOFTWARE AVAILABILITY
Data used to estimate carcass numbers, including observations, stratum boundaries, and transects are available in Data S1. Data on locations of live elephants have been withheld to safeguard elephant populations. Data from the carcass verifications are located in Data S2. Photographs of assessed carcasses are available in Data S3.
